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The SKA era is set to revolutionize our understanding of neutral hydrogen (H I) in individual
galaxies out to redshifts of z ∼ 0.8; and in the z > 6 intergalactic medium through the detection
and imaging of cosmic reionization. Direct H I number density constraints will, nonetheless, re-
main relatively weak out to cosmic noon (z ∼ 2) - the epoch of peak star formation and black
hole accretion - and beyond. However, as was demonstrated from the 1990s with molecular line
observations, this can be overcome by utilising the natural amplification afforded by strong grav-
itational lensing, which results in an effective increase in integration time by the square of the
total magnification (µ2) for an unresolved source. Here we outline how a dedicated lensed H I
survey will leverage MeerKAT’s high sensitivity, frequency coverage, large instantaneous band-
width, and high dynamic range imaging to enable a lasting legacy of high-redshift H I emission
detections well into the SKA era. This survey will not only provide high-impact, rapid-turnaround
MeerKAT science commissioning results, but also unveil Milky Way-like systems towards cos-
mic noon which is not possible with any other SKA precursors/pathfinders. An ambitious lensed
H I survey will therefore make a significant impact from MeerKAT commissioning all the way
through to the full SKA era, and provide a more complete picture of the H I history of the Uni-
verse.
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1. Introduction
The evolution of neutral hydrogen is fundamental to our understanding of galaxy evolution.
Our current cosmological picture is that following recombination at z ∼ 1100, the Universe was
predominately neutral until reionisation occurred between z∼ 6−10, driven by accretion onto su-
permassive black holes and star formation in the first galactic haloes. Followed by what the current
data argue to be a relatively rapid reionoization epoch between z ∼ 6−7 (e.g. [36]), most neutral
hydrogen is now found in galaxies where it is shielded and/or replenished (e.g. [3, 14]). However,
the evolution of neutral hydrogen in z < 6 galaxies is poorly constrained, as direct detections are
only routinely possible out to z . 0.2. Limits from Ly-α absorbers suggest little to no evolution,
albeit with large systematic and statistical uncertainties (e.g. [33]), while statistical techniques (i.e.
stacking and intensity mapping; e.g. [21, 35, 7]) are yet to yield robust, high precision results
beyond low redshifts (e.g. [11]).
The above, data-limited picture is set to change drastically over the next 5-10 years, which will
fundamentally transform our understanding of the cosmic evolution of neutral hydrogen. This will
be driven by a wide range of new radio telescopes, including MeerKAT, the Australian Square Kilo-
metre Array Pathfinder (ASKAP), SKA1-MID, as well the upgraded Karl G. Jansky Very Large
Array (VLA), Westerbork Synthesis Radio Telescope (WSRT) with the APERture Tile In Focus
project (APERTIF), and the Giant Metrewave Radio Telescope (GMRT). These telescopes will
perform multi-tiered H I surveys (an indicative summary can be found in [4]), which will increase
H I sample sizes by several orders of magnitude. While the deepest of these surveys will detect
individual galaxies out to redshifts of z ∼ 1 for the most massive H I systems (MHI & 1011 M),
all will have H I limiting masses well above a Milky Way-like system at z & 0.8. Higher redshifts
will be accessible through H I absorption detections which will provide important insights (e.g.
[15, 1]), however, these still suffer from significant sources of uncertainty (e.g. spin temperature,
gas morphology) that limit extrapolation to the cosmic evolution of H I in galaxies.
The greatly enhanced sensitivity, survey speed and instantaneous H I redshift coverage of these
next-generation instruments will result in a dramatically increased H I-detection probability of both
known and unknown lensed sources. Here we assume the canonical definition of strong lensing as
a total magnification µ ≥ 2. This corresponds to an effective increase in integration time by a
factor of µ2 ≥ 4, assuming the lensed sources are unresolved in the image plane. Since routine
H I detection have so far been limited to z . 0.2 (DL ∼ 980 Mpc), the chance alignment of two
unrelated galaxies within this volume is negligibly small. However, since the chance alignment
probability goes as r6max for a Euclidean non-evolving Universe, where rmax is the distance that
corresponds to the maximum redshift, the lensing probability is set to dramatically increase as
H I sensitivity limits increase to z ∼ 1 (DL ∼ 6800 Mpc). The opening of the H I Universe by
these future radio facilities therefore opens an additional window through lensing and enables the
detection of H I at even greater cosmological distances than otherwise expected.
The two highest priority MeerKAT science cases are a deep H I survey and pulsar timing
(Baker et al., Bailes et al., these proceedings). However, what had not previously been considered in
the MeerKAT science case, is the enhanced ability to detect H I emission in high-redshift galaxies
by using the natural amplification of gravitational lensing. In this contribution, we consider the
scientific opportunities this would provide and the niche that MeerKAT will occupy in this domain
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until the SKA-era. We discuss possible observing strategies to maximise of the scientific return of
lensed H I detections and outline how this will enhance H I science with MeerKAT. We also outline
how gravitational lensing will enable high-impact, rapid-turnaround early science with MeerKAT
and provide a preview of the revolutionary impact the LADUMA and MIGHTEE-HI surveys will
have, once completed.
2. HI surveys in the MeerKAT and SKA era
A primary objective of the SKA from its earliest developments was to detect Milky Way-
like systems in H I emission at high redshift (z ∼ 2; [42]). This objective has evolved into a rich
science case for H I, covering many key aspects of galaxy evolution physics and cosmology from
the detection of the epoch of reionization ([38]), to Baryonic Acoustic Oscillations (BAO) studies
([34]), and potential direct expansion measurements ([20]). Current specifications of SKA1-MID
Band 1 would only enable detections above z > 0.8 for MHI & 1010 M H I galaxies in the deep,
1 deg2 survey outlined by [39] and SKA Science Book chapters referred to in their overview. They
describe three fiducial SKA1-MID H I surveys that cover extragalactic fields: the medium wide,
medium deep and deep surveys which cover areas of Ω = 400, 20, 1 deg2 respectively, the first two
of which are limited to Band 2 and its corresponding H I redshift limit of z < 0.5. In addition toContinuum and spectral line commensality 5
Figure 2. The coverage in the redshift–MHI plane for LADUMA
(red contours, with ‘L’ label) and MIGHTEE (greyscale contours,
with ‘M’ label). The parameter space is divided into cells of width
0.01 in redshift and 0.1 in Log(MHI). The contour levels for both
surveys are the same, surrounding regions of parameter space con-
taining at least one (faint shading), 10 (medium shading), and
25 (dark shading) galaxies per cell. Due to the overlapping fre-
quency coverage of the two MeerKAT receivers, the redshift range
0.40 < z < 0.58 is observed for the full 5000 hours for LADUMA,
and is correspondingly deeper.
Design Document Version 23. As the final telescope will be
composed of two types of dishes, each with their own perfor-
mance characteristics, accurately anticipating the sensitiv-
ity of SKA1-MID is difficult. However, given the SEFD val-
ues provided in the Baseline Design Document for the SKA
dishes, and those provided in the public MeerKAT documen-
tation, we conservatively estimate a factor of 5 increase in
sensitivity of SKA1-MID Bands 1 and 2, with respect to the
VLA, consistent with simulations by Popping et al. (2015).
We construct the survey tiers keeping in mind that the
resulting data will be used commensally by both the H i and
continuum teams, and thus restrict ourselves to the range of
parameters that are useful to both. We use the sensitivity
to H i mass as a function of redshift as a measure of the
value of the survey tier combination, and optimise the tiers
by rearranging their depth and area to maximise coverage
of the redshift–MHI plane.
3.1 Optimal SKA Survey Tiers
The redshift and H i mass distribution of galaxies expected
from surveys displayed as in Fig. 2 can be used as a pow-
erful diagnostic tool to explore combinations of depth and
area which result in the most scientifically useful dataset.
LADUMA and MIGHTEE are clearly well paired at z< 0.4,
enhancing the usefulness of the data.
The SKA H i science working group (SWG) proposed
3 https://www.skatelescope.org/key-documents/,
Released October 2015
a tiered observing strategy to be undertaken with SKA1-
MID to address many extragalactic H i science cases, con-
sisting of an ultra-deep, small area survey, a medium-wide,
medium-deep survey, and a wide-area, relatively shallow
survey. We refer to these three tiers as Ultra-Deep (UD),
Medium-Wide (MW) and Wide (W). Their areas, integra-
tion times and approximate 5-σ sensitivities that can be
expected are listed in Table 1 as the “Fiducial” case, as set
by (Staveley-Smith & Oosterloo 2015). A more detailed dis-
cussion within the H i SWG of the three tiers will come at a
later date, when the technical specifications of the SKA1-
MID are better known, but the suggested Fiducial case
serves as a useful starting point. We have not included the
“strawman” surveys outlined in the SKA H i galaxy evolu-
tion chapter (Blyth et al. 2015), as they rely heavily on the
SKA-SURVEY instrument, construction of which has been
deferred.
We show in Fig. 3 the coverage in the redshift–MHI plane
resulting from the three Fiducial H i survey tiers. Increasing
the integration time to 4000 hours per tier, to be consistent
with the proposed surveys discussed below, improves the
sensitivity by a factor of two, but the general features remain
unchanged.
A critical aspect missing from the H i SWG observing
strategy is the possibility of observing commensally, in par-
ticular sharing observations with the SKA continuum SWG
(Prandoni & Seymour 2015). While commensal observing
necessarily involves some compromises to be made on some
aspects, including field selection, the benefits are significant,
including the increased available observing time.
The continuum SWG also proposed a three-tiered ob-
serving strategy, with areas comparable to those explored
here, with a single pointing UD tier, a MW tier spanning
10–30 deg2, and a W tier of ∼ 1000 deg2. The suggested con-
tinuum RMS values for the three tiers of 0.05, 0.2 and 1µJy,
respectively, can be compared with the estimated RMS val-
ues computed for the Fiducial and Optimised surveys as
listed in Table 1. We do not list continuum RMS values for
the Requested or Ideal cases, because the relevant receivers
do not currently exist.
We suggest a number of tiered survey strategies work-
ing within the framework of commensal extragalactic H i and
continuum observations. The three tiers under consideration
are driven by different science cases. The UD tier is driven
primarily by the redshift evolution of H i science case, and
has very little flexibility. In order to detect the faintest ob-
jects at the greatest distances, long integration times are
required. The deepest integration is achieved by observing
only a single pointing, the area of which is set by the FoV
of the telescope. At the other extreme, the W tier is of gen-
eral use for many science cases. The size is restricted by the
amount of area that can be covered with individual point-
ings long enough such that they are not dominated by cal-
ibration overheads. The MW tier is intermediate between
the two, and requires advance planning to maximise the sci-
entific return. The area and depth must be simultaneously
adjusted such that a representative volume containing de-
tectable galaxies is observed.
For our purposes, we assume in the following that
the continuum science will be the primary driver behind
the MW tier, as it will provide the bulk of the contin-
uum science return. The W tier is too shallow to explore
MNRAS 000, 1–15 (2016)
Figure 1: Directly reproduced from Figu e 2 of [24].The coverage in the redshift-MHI plane for LADUMA
and MIGHTEE, demonstrating the lack of direct detections beyond z& 1, which lensing could enable. The
parameter space is divided into cells of width 0.01 in redshift and 0.1 in log(MHI). The contour levels for
both surveys are the same, surrounding regions of parameter space containing at least one (faint shading),
10 (medium shading), and 25 (dark shading) galaxies per cell. Due to the overlapping frequency coverage of
the two MeerKAT receivers, the redshift rang 0.40 < z < 0.58 is observed for 5000 hours for LADUMA,
and is correspondingly deeper.
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this, there may be a 10,000 hour SKA1-MID survey, with a commensal H I cosmology and galaxy
evolution design, however, the survey design is yet to be determined (see [39]).
From an SKA precursor/pathfinder perspective, the only survey capable of detecting H I emis-
sion beyond z& 0.6 will be the dedicated, several thousand hour MeerKAT LADUMA H I survey
- a single pointing (0.6 deg2 at z= 0) covering the Extended Chandra Deep Field South (ECDFS)
using both L- and UHF bands (Baker et al., these proceedings). This will have strong comple-
mentarity with the spectral line component of the MIGHTEE survey, which will cover an area of
Ω∼ 20 deg2 and hence provide better constraints on the H I mass function at the high end out to a
redshift of z< 0.58 [24].
While none of these H I surveys will be able to detect Milky Way-like galaxies at z ∼ 1, a
major opportunity to do so lies in the use of strong gravitational lensing. The significant increase in
sensitivity and redshift space accessible by next-generation facilities, exemplified by SKA1-MID
and MeerKAT, will ensure the routine detection of lensed H I systems. To take advantage of this
opportunity, we have performed detailed lensed H I simulations, that rely on sophisticated N-body
simulations over a large cosmological volume, employing full general relativistic ray tracing, which
we briefly review in the following section.
3. Semi-analytic lensed HI simulation
Given the opportunity H I lensing presents, [10] designed a simulation to address several ques-
tions, including: what are the survey-independent H I lensing statistics as a function of redshift?
How will SKA (precursor/pathfinder) surveys perform in making detections? In the absence of a
pre-defined survey, which telescope is best suited to detecting lensed systems? What is the actual
scientific utility of detecting lensed H I systems? To address these questions, we used a semi-
analytic model producing realistic H I disks in terms of size, density profiles and rotation structure.
This model was run on the Millennium simulation of cosmic structure, enabling us to account for
realistic galaxy-galaxy clustering when computing the alignment of foreground and background
galaxies. For sufficiently aligned pairs, realistic H I-lensing factors were computing using general
relativistic ray tracing, applied individually to each frequency channel (see Fig. 2). Our simulation
uses a 150 deg2 field-of-view mock observing cone out to a redshift limit of zsource < 4, enabling the
prediction of detection rates of virtually all future H I surveys (excluding SKA-LOW), for intrinsic
velocity-integrated H I flux densities above 0.1 mJy km s−1.
These simulations resulted in a wide range of conclusions, two of which are particularly rele-
vant to these proceedings:
- None of the SKA pathfinder/precursor wide-field surveys will detect a large number of H I
lenses, apart from MeerKAT’s LADUMA survey (∼20 at 5σ ), however, the vast majority of
those will have low magnification (µ ∼ 2) with limited scientific utility.
- MeerKAT is the best-suited instrument to make lensed H I detections pre-SKA, provided it
performs a targeted survey of known gravitational lenses, as well as blind, single pointing
searches towards well-modelled, high mass clusters with minimal associated diffuse radio
emission.
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In the remainder of this contribution, we focus on MeerKAT-specific technical advantages and
scientific opportunities with regards to detecting lensed H I systems.
4. MeerKAT’s design advantages for lensed H I detection
MeerKAT’s design was optimised toward its two highest priority science themes: neutral hy-
drogen beyond the local Universe and pulsar searching and timing. A few of the resultant telescope
attributes are a ‘pinched’ core array configuration (50% of the collecting area within 1 km)1; excel-
lent receiver sensitivity in the L- and UHF bands; wide field-of-view (∼2 and 0.6 deg2 for UHF and
L-band respectively); wide bandwidth (435 and 770 MHz UHF and L-band respectively); and an
offset-Gregorian feed for completely unblocked aperture to maximise the imaging dynamic range.
The array configuration will result in high fidelity imaging and the ability to accurately model
bright sources, while still not achieving too high an angular resolution as to begin to resolve out
strong lenses with their increased solid angles. However, even in the case that this does occur - the
pinched core array configuration will mean that just a small fraction of the total sensitivity is lost
to the highest magnification cases.
If one combines the above with the extremely radio quiet site, as well as the imaging quality
and measured phase stability from MeerKAT Array Release 1 (AR1), this suggests MeerKAT is
supremely placed to detect high redshift, gravitationally lensed H I emission. The combination of
the wide FoV and large instantaneous bandwidth mean a large cosmological volume (co-moving
volume of V ∼ 15 Gpc3 in UHF band) is observed for every pointing. This maximises the proba-
bility of serendipitous detections in the case of blind cluster surveys and enables rich commensal
science opportunities.
5. Science opportunities enabled by gravitational lensing
Although gravitational lensing has a long history of providing a rich set of results at other
wavelengths, it is important to ask what the specific scientific utility will be in the lensed H I case.
Here we describe a just a few of the wide range of science applications, all of which have significant
value and will further the MeerKAT H I science priority.
5.1 Highest redshifts
Amongst the most spectacular results from MeerKAT is likely to be the direct detection of
lensed, gas-rich H I galaxies at the highest redshifts achievable in the pre-SKA era (z ∼ 1.45).
Simulations predict that LADUMA will only be able to detect a MHI ∼ 1010 M galaxy out to z∼ 1
in its ∼2500 hours single UHF band pointing (see Baker et al., these proceedings; [24]). However,
for a magnification µ = 10, 25 system, this would correspond to an effective factor of 102 = 100, 252
= 625 increase in observing time. So for the latter case, a 24 hour MeerKAT observation would be
the equivalent of ∼ 8× LADUMA for that particular galaxy. Clearly, this will provide the deepest
cosmic view of H I emission in galaxies. Even this high magnification system would still be within
1A pinched core refers to an array configuration that has a significant increase in filling factor within the core,
thereby achieving high brightness temperature sensitivity and pulsar search efficiency.
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2-3 PSFs, assuming a r ∼30 kpc disk at z∼ 1, which is only magnified in one direction (i.e. worst
case scenario, which is highly unlikely given the expected, intrinsic H I solid angles).
The key scientific applications here are to (a) reconcile the dramatic increase in cosmic star
formation rate density ([22], and references therein) with the relatively constant H I density evolu-
tion (e.g. [33]); and (b) obtain a high-redshift H I perspective on the dichotomy between so-called
main sequence star forming galaxies which are driven by secular evolution (e.g. [8]) and the star-
bursts that are driven by major mergers (e.g. [12]). Given the three order of magnitude increase
in the cosmic star formation rate density and the significantly higher galaxy merger rate at z ∼ 2,
direct H I emission measurements at the highest redshifts are of key importance and likely to only
be delivered through strong gravitational lensing.
These detections at the highest redshifts will be prime targets for followup with millimetre
telescopes into order to compare the global kinematics and measure the cosmic evolution of the
molecular-to-atomic hydrogen ratio in galaxies. The latter is of particular importance in the un-
derstanding of the star formation history of the universe. Theoretical models predict a significant
decrease in the H2/H I ratio as a function of cosmic time, which is thought to be driven by the
growth of galactic disks and the systematic decrease in the disk mid-plane cold-gas pressure (e.g.
[31]). Since CO transitions are readily detectable at these redshifts, it is direct H I detections that
that will limit high redshift constraints of the molecular-to-atomic hydrogen ratio out to z & 1.
Futhermore, molecular line follow up is likely to be an efficient way to confirm H I lens candi-
date redshifts, particularly for the blind cluster surveys outlined in Sec. 6.3, which may have OH
megamaser contaminants (e.g. [6]).
5.2 Low H I mass systems at cosmological distances
As shown by our simulations in [10], two factors drive the dramatic increase in probability that
lower mass H I galaxies (. 109 M) are strongly lensed: (a) their increased space density, and (b)
their smaller solid angles with respect to higher mass systems, which for H I disks typically results
in higher magnification factors (all other factors being equal). What this implies is that MeerKAT’s
specifications make it extremely well suited to both targeted and serendipitous detections of lower
mass H I systems across a wide range of redshift space (0.2 . z . 0.6). Furthermore, it may even
discover extremely high magnification systems (µ > 50) that have intrinsically small solid angles
and lie directly on a gravitational lens caustic or cusp. These possibilities open up the opportunity
for detailed study of lower mass H I galaxies simply not possible with any other H I surveys that
are currently planned.
While it is more difficult to discern high magnification, low mass galaxies from high mass,
non-lensed galaxies at similar redshifts, these are in principle easily to distinguish though cross-
matching with foreground, low impact factor galaxies, particularly bright ellipticals which are eas-
ily identifiable from optical/NIR imaging.
5.3 Efficient lens selection and a unique probe of foreground dark matter haloes
Two properties of H I lends itself to efficient gravitational lens selection, provided the appro-
priate survey is designed. Firstly, the redshifted H I line is very isolated in the frequency range
580 MHz < ν < 1420 MHz (1.45 > z> 0), although OH megamasers may prove to be a science-
rich contaminant [6]. Secondly, the high end of the H I mass function is very steep (n ∝ s−3).
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This means that deep H I observations can apply a very similar lens selection technique to that
performed at far-infrared/(sub)mm wavelengths in the Herschel-ATLAS survey [26], and with the
South Pole Telescope, both of which had SMA/ALMA/HST followup with spectacular results [44].
The basic idea is that given the extreme rarity of the highest luminosity systems and the steep drop
off in number counts, any object that deviates significantly from the statistical number density ex-
pectation is likely to be lensed. Following the removal of some obvious contaminants (blazars and
Galactic objects), [26] were able to achieve an unprecedented∼100 percent lens selection rate. H I
surveys could apply the same technique, however, with the huge advantage of spectral line capa-
bility (i.e. a 3D rather than 2D selection). This would make cross-identification easier and also
open the opportunity to discover systems that have a few velocity channels that have extremely
high magnification factors. In the latter case, the detection probability may be larger for a channel
search width significantly smaller than the galaxy’s full velocity width, as demonstrated in Fig. 2.
In addition to this, MeerKAT’s design and sensitivity may enable the simultaneous detection of the
foreground lens in either H I emission and/or absorption.
What this all means is extremely high efficiency lens selection and redshift measurement,
which equates to scientifically-rich samples to study foreground dark matter halo statistics. While
large volume SKA H I surveys will be required to take full advantage of this opportunity, MeerKAT
will undoubtedly pave the way.
If the foreground lens galaxy is sufficiently low redshift (z . 0.15), gas-rich, with dynamics
dominated by rotation, it could provide the ability to derive a dark matter mass model at large
radii. If combined with optical/NIR resolved lensed images which constrain the mass density at
smaller galactic radii, this could provide a unique probe of the galaxy mass profile at large radii. It
is therefore quite possible that H I will continue to provide insights in galactic dark matter content
out to higher redshifts, just as it is done in the local Universe for the past few decades.
5.4 Enhanced spatial resolution to higher redshift
MeerKAT’s array configuration has maximum baselines of 8 km. With its pinched core array
configuration, the angular resolution ranges between 10-15 arcsec (at 1.4 GHz) for Briggs-weighted
images with robust parameters from 0.5-2. This means that a Milky Way type H I disk will be
unresolved beyond redshifts of z & 0.15. However, the largest Einstein radii of massive clusters
(θEin& 20 arcsec, e.g. [32, 45]), would result in a comparable angular extent magnification of an H I
galaxy and hence be spatially resolved. While some sensitivity would be lost to resolved sources,
if the lensed source is sufficiently H I-rich then it would enable the only method to investigate
the resolved H I kinematics of MeerKAT-detected sources beyond z & 0.15. Detailed modelling
of spatially-resolved lensed molecular gas has revealed great insights into disk formation, merger
activity, and dark matter content (e.g. [17, 9]). Doing the same for the more extended H I gas is an
important systematic study to pursue with MeerKAT, which the highest mass clusters could enable,
even if for just a handful of targets.
5.5 Probing the global kinematics of galaxies at high redshift
Lensed HI-line detections will constrain the maximum velocity width (Vmax), which, in com-
bination with a sufficiently deep adaptive optics or space-based NIR/optical imaging, allows a
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Figure 2: Directly reproduced from [10]. Top: Image and source plane channel maps of a Milky Way mass
H I disk (frequency resolution = 200 kHz), demonstrating how the approaching H I emission overlaps with
the inner lens caustic and results in a full H I Einstein ring in some channels. Each frame is 6.4×6.4 arcsec2.
The caustics/critical curves are plotted in red. Bottom: Lensed and unlensed H I profiles of the same system
at higher frequency resolution (50 kHz). Differential magnification is seen between channels to the extent
that the probability of detection is higher for a narrow (∼50 kHz) channel width, rather than the full H I line
width.
measurement of the baryonic angular momentum. The larger extent of H I in galaxies means that
these lensed H I detections are likely to become the best baryonic angular momentum measure-
ments at z ∼ 1, adding an important evolutionary perspective to the science case presented in The
SKA as a doorway to angular momentum [30].
6. MeerKAT lensed HI survey strategy
There are a range of strategies that a dedicated lensed H I survey with MeerKAT could take.
Here we outline some considerations to make in formulating an observational programme that
includes a proof-of-concept stage, followed by dedicated targeted observations of known lenses
(selected at other wavelengths); and deep, high-mass cluster observations to enable serendipitous
detections.
6.1 Proof-of-concept / science commissioning observations
The MeerKAT Large Survey Programmes (LSPs) have been allocated ∼70 percent of the
observing time on MeerKAT during the ∼5 years it will operate before becoming part of SKA1-
MID. Many of the approved LSPs require the full array (Array Release 6) to achieve their scientific
objectives (laid out in these proceedings). While the LADUMA and MIGHTEE LSPs will require
pre-AR6 time to test data post-processing pipelines and familiarise survey team members with the
data attributes, it’s not clear that there will be any high impact, quick turnaround results from these
in the pre-AR6 stage.
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In contrast, a lensed H I detection at a redshift inaccessible by current radio interferometers
such as the VLA (z& 0.4) would provide a high impact science result with just a few tens of hours
of observing time (i.e. .50 µJy beam per ∼200 kHz channel sensitivity at ∼1 GHz). This would
simultaneously provide an excellent science commissioning target in both the bottom end of the
L-band and top end of the UHF band. A handful of moderate redshift (0.2 . z . 0.58) detections
would play an important role in demonstrating the ability to detect H I at cosmological distances in
just a few tens of hours, while avoiding the calibration risks and data-processing overhead of a few
hundred hour commissioning observation.
Regarding data volumes, there are clear advantages here. With observations of 24-48 hours,
the data volume in the Measurement Set format is of the order of 72-144 TB (assuming 32K spectral
line mode, 64 antennas, full polarisation), which means the full visibility dataset can be processed
rather than being forced to combine subsets of the data in the image domain (a calibration risk
for LADUMA, for example). During science commissioning, this data rate can be reduced by
well over an order of magnitude by only processing a selected channel range set by the known
redshift of the targeted lensed source. This demonstrates that lensed H I targets can indeed deliver
rapid-turnaround, high impact science-commissioning results with relatively low calibration and
post-processing risk and expense.
Lensed sources have been shown to be excellent science commissioning targets (or byprod-
ucts) in other observatories, most recently by Herschel and ALMA. For example, discoveries in the
Herschel-ATLAS Science Demonstration Phase included the z ∼ 3 Einstein-ring source SDP.81
using the technique described in Sec. 5.3 (Negrello et al. 2010), which was then followed up
to produce the spectacular images seen in ALMA Science Verification 2014 Long Baseline Cam-
paign. These commissioning observations resulted in a number of publications of this single lensed
system (e.g. [2, 13, 37, 40, 41, 16]). MeerKAT has a similar opportunity to use lensing to detect
H I at unprecedented redshifts while still in its science commissioning phase, the followup study of
which will undoubtedly yield rich scientific rewards.
6.2 Targeted surveys
Following the proof-of-concept detections, the next step would be to perform a targeted survey
of a list of known lenses that are detected at other wavelengths. In the redshift range accessible
to MeerKAT, the vast majority of known lenses (at present) were discovered in the SLACS sur-
vey ([5]), which identified composite (i.e. emission + absorption lines), but redshift-offset SDSS-
spectra and performed high angular resolution HST followup to identify the largest sample of
lensed sources to date (this includes 46 sources below MeerKAT’s maximum H I redshift limit of
1.45). This preferentially selected extended star forming galaxies lensed by foreground elliptical
galaxies. There are a number of other lenses in this redshift range, selected in a range of methods
(CLASS, SQLS, COSMOS, GAMA; see [43] and reference therein), however, they make up the
minority, at present.
The most promising lensed H I targets within these samples can be identified using the (large
scatter) MHI-M? relation of [23]. The combination of targets can be optimised based on redshift
space, selection technique and detection probability. In addition there will be a significant increase
in the number of lenses discovered in this redshift range in the period 2017-2023 from various
multi-wavelength surveys, a HI-relevant summary of which is presented in [25].
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Figure 3: Illustration of possible lensing targets from just one optical survey (SLACS) where all lens models
were derived from HST imaging [27]. Based on the optical magnifications, we plot both the predicted lensed
(blue) and unlensed (grey) velocity-integrated H I flux density. Reasonable assumptions about the velocity
widths leads to a high probability of detections for many systems at the σ . 50 µJy beam−1 per 200 kHz
channel sensitivity level (i.e. a few tens of hours of MeerKAT observing time). The dashed grey line
indicates the maximum H I redshift accessible by L-band receivers on current radio interferometers (e.g.
VLA and GMRT). The orange dashed and solid lines indicate the MeerKAT UHF and L-band minimum
and maximum redshift coverage respectively. The dotted orange line indicates the maximum H I redshift
accessible by the MeerKAT UHF band.
6.3 Blind cluster surveys
What is perhaps the most exciting and discovery-laden aspect of a potential H I lensing pro-
gramme, are deep observations of high mass clusters. The high projected mass surface density
of a z & 0.1 cluster dramatically increases the probability of lensed H I detections. The Einstein
radii of the highest mass clusters are all below θEin . 2 arcmin, so well within the MeerKAT FoV.
The strategy would be to target z∼ 0.3 clusters with accurate mass models available (from optical
weak/strong lensing and X-ray analyses), such as those in the Hubble Frontier Fields2. As dis-
cussed in Sec. 4, a deep integration in the UHF band would open up a lensed H I discovery space
across a co-moving cosmological volume of ∼ 15 Gpc3. An additional consideration would be
to select clusters with minimal extended emission and hence more accurate sky models and resul-
tant image fidelity, however, with 2016 baselines (for 64 antennas), modelling any complex source
structure is a well-constrained problem and can be further circumvented by excluded the shortest
baselines in the complex gain solution determination.
The cluster-lens searches could be carried out in two tiers: several clusters observed in both
L- and UHF band for 20-50 hours; and then the ultra-deep observation of 1-2 clusters in UHF for
2See https://archive.stsci.edu/prepds/frontier/lensmodels for a detailed comparison of five different methods for six
Hubble Frontier Field clusters.
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100-250 hours. Based on simulations from [10], the latter will result in 1 guaranteed discovery
beyond z∼ 1, as well as several lower redshift and known lenses from optical searches. Although
these data will be confusion-limited in total intensity, they will be deepest polarized view of galaxy
clusters. With MeerKAT’s optimised imaging fidelity, dynamic range and brightness temperature
sensitivity, this could be a revolutionary project in itself and leave a lasting legacy into the SKA
era.
There are a wide range of polarisation analyses possible with such a rich dataset, including
large-scale polarisation angle alignment, polarisation percentage as a function of cluster radius,
polarisation stacking experiments, and H I stacking of the cluster members themselves which, for
the sake of brevity, we do not elaborate on here.
7. Complementarity with and enhancement of MeerKAT Large Survey Projects
This contribution has focused on presenting the lensed H I case with MeerKAT. For this rea-
son, as well as brevity, we have not spent much time on the revolutionary impact that the MeerKAT
LADUMA and MIGHTEE-HI surveys will have on our view and understanding of the H I Uni-
verse. However, by carrying out an ambitious lensing programme, one can greatly enhance these
surveys and almost consider H I lensing as a third tier in the MIGHTEE-HI and LADUMA LSPs.
As discussed in Sec. 6.2, gravitational lensing enables the detection of systems of mass and at
redshifts not directly accessible by LADUMA. This will not only add to the output of LADUMA,
but also provide a very useful cross-check with stacking, provided a sufficient number of lensed
H I detections are made at high redshift. Lens modelling has made significant strides with a wide
range of algorithms producing consistent macroscopic lens models for complex cluster morpholo-
gies (e.g. the Hubble Frontier Field lens models, as described earlier), lowering the associated
systematic uncertainties. For large solid angle sources such as H I , and for galaxy-galaxy lensing,
this is further reduced. Therefore, from a high-redshift H I risk perspective, lensing circumvents
most of the calibration risks that the deep LSPs will face and will return results on very short
timescales.
High complementarity is expected with MeerKAT cluster surveys (e.g. Bernardi et al., Knowles
et al., these proceedings). The dedicated MeerKAT cluster surveys are typically focused on mass
or SZ-selected clusters over a wide range of redshifts. The objectives are primarily on the detection
of radio halos and relics and are generally a few hours per source and therefore not deep enough
to detect lensed H I. The emphasis in proposed cluster surveys is on driving up statistics up with
large sample sizes, rather than observations of a depth capable of detecting lensed H I. As such,
deep integrations on high mass clusters as part of a dedicated H I lensing programme will push
MeerKAT’s imaging fidelity and high dynamic range niche and open up cluster discovery space
not possible with the current cluster survey prescription. Given the confusion noise limits, this
primarily pertains to the polarized intensity.
If a wide area (Ω & 4,000 deg2) MeerKAT survey is performed, as considered elsewhere in
these proceedings (Santos et al.), this should undoubtedly yield some extremely rare, low-redshift,
high-magnification lensed H I sources. While our 150 deg2 simulation is not well-placed to make
detection predictions for such a survey, and the band choice is to be determined, the sensitivity of
MeerKAT is expected to open potential discovery space from a lensed H I perspective.
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While these proceedings are focused on lensed H I, this will naturally enable simultaneous
detections of total and polarisation intensity of these sources, enabling detailed study of the star
formation and ISM physics at high redshift.
8. Synergy with other major facilities and surveys
We expect this lensed H I programme to have strong synergies with other observatories and
large-scale multi-wavelength imaging and spectroscopic surveys. This will be from both a target
selection and detection follow up perspective. Over the course of the next ∼5 years, significantly
more lenses will be discovered/confirmed in the wide area, optical/NIR imaging and spectroscopic
programmes (see [25] for a summary), so the targeted lensed H I component to this proposed
programme would not be target limited. Naturally, there will be significant synergies with SALT,
with regard to obtaining spectroscopic or photometric redshifts of the foreground lens, as well
as stellar mass constraints. Cross-correlation with these multi-wavelength data will also enable
confirmation on marginal H I detections.
In the follow up context, there are a slew of multi-wavelength observatories that enable lensed
H I sources to each become individual cosmic laboratories in their own right. Firstly, followup
with FAST will be highly synergistic with the lower mass, high magnification systems discovered
in the cluster searches. FAST is highly sensitive but cannot act as a survey instrument for the depth
and area required for blind, lensed H I cluster searches. The compact MeerKAT core will also
provide an accurate, minimally extrapolated continuum map for FAST in order to perform accurate
continuum subtraction.
There will be important follow up opportunities for both unresolved detections with the Large
Millimetre Telescope in Mexico and potentially resolved galaxy kinematics with ALMA. This
would not only enable mass modelling and dynamics, but also allow comparisons with the H I
spectra, as outlined in Sec. 5.1. Finally, there is of course the potential JWST followup of the most
spectacular systems.
9. Pathway to and legacy value in the SKA era
Following from MeerKAT, the SKA1-MID array will take lensed H I studies forward in two
primary ways:
1. The SKA1-MID factor ∼ 3 sensitivity increase and extended Band 1 redshift coverage to
z = 3 will allow blind surveys to discover large samples of lensed H I sources and not be
limited to massive cluster searches. This will fully exploit the selection technique described
in Sec. 5.3.
2. For the most massive galaxy clusters (θEin & 20 arcsec), it will become possible to spatially
resolve intermediate redshift sources.
A dedicated MeerKAT H I lensing programme will provide immediate targets for SKA1-MID
as well as guidance for optimised SKA cluster and blind lensed H I surveys. In the full SKA era,
lensed H I may well be the most efficient lens selection tool, particularly when used in combination
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with the lensed continuum emission, H I absorption/emission in the foreground lens, and OH lines
in the same band (see McKean et al. 2015).
10. Conclusion
The revolutionary role MeerKAT has been designed to play in uncovering the H I history of the
Universe will be dramatically enhanced by exploiting the natural magnification afforded by strong
gravitational lensing. In these proceedings, and in [10], we have made the case that:
1. MeerKAT will (emphatically) be the best facility to detect lensed H I pre-SKA.
2. A dedicated MeerKAT H I lensing programme will provide high-impact, rapid-turnaround
early science and will make the highest redshift detections of H I emission in galaxies pre-
SKA.
3. Direct lensed H I detections at high-redshift will provide important cross-checks with stack-
ing/statistical methods, provided a sufficient number of lensed-H I detections are made.
4. The lensed H I observing requirements pose significantly lower risk regarding calibration for
high-z H I inference, when compared to the LSPs.
5. As has been seen in the case of sub/mm-discovered lenses, MeerKAT-discovered H I lenses
are likely to have high legacy value well into SKA era.
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